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ABSTRACT 

Specular r e f l e c t i o n  of an a r b i t r a i l y  po la r i zed  p lane  wave inc iden t  

upon lunar  models c o n s i s t i n g  of d i s c r e t e  plane l a y e r s  i s  completely 

determined by two orthogonal complex r e f l e c t i o n  c o e f f i c i e n t s .  These 

measurable q u a n t i t i e s  toge ther  wi th  derived va lues  of apparent conduc t iv i ty  

and d i e l e c t r i c  cons t an t  a s  functions of frequency and/or angle  of i nc id -  

ence a r e  d i agnos t i c  of t h e  e l e c t r i c a l  p r o p e r t i e s  and v e r t i c a l  e x t e n t s  of 

t he  va r ious  d i s c r e t e  and homogeneous l aye r s .  Inference  a s  t o  the  presence 

of water a t  depth is thereby f a c i l i t a t e d .  Computations i n  the  frequency 

range lo4 t o  10 

o r  i nc iden t  ang le  sampling over wide ranges t o  reduce i n t e r p r e t a t i o n a l  

ambigui t ies  caused by' a l i a s i n g .  

l a y e r  f o r  a hcmogeneous one does not a l t e r  the  above conclusions,  but 

a t  h igh  f requencies  t h e  r e s u l t s  r e f l e c t  t he  p r o p e r t i e s  only of t he  very  

top of the  g r a d a t i o n a l  deb r i s .  Ref lec t ion  from l aye r s  having magnetic 

p e r m e a b i l i t i e s  o t h e r  than f r e e  space is inves t iga t ed  and i t  is  concluded 

t h a t  t h e  measurement of orthogonal po la r i za t ions  may i n  p r a c t i c e  i d e n t i f y  

t h i s  condi t ion .  I f  e x i s t i n g  magnetic permeabi l i ty  is n o t  accounted Ioi, 

d i e l e c t r i c  cons t an t  va lues  s i g n i f i c a n t l y  lower than a c t u a l  may be i n t e r p r e t e d .  

B i s t a t i c - r a d a r  r e s u l t s  presented a t  136.11 MHz c l e a r l y  show t h a t  l a r g e  

changes i n  r e f l e c t i v i t y  may be  t h e  r e s u l t  of very  small changes i n  d e b r i s  

t h i ckness .  I n  p r a c t i c e ,  an o r b i t a l  sounding is an average over a consid- 

e r a b l e  a r e a l  ex ten t ,  thus i n t e r p r e t a t i o n s  based on l a t e r a l l y  homogeneous 

l a y e r i n g  a r e  g e n e r a l l y  shown t o  r e q u i r e  some modi f ica t ion .  

10 
Hz emphasize the  d e s i r e  f o r  continuous frequency 

The s u b s t i t u t i o n  of a g rada t iona l  d e b r i s  



OBLIQUE ELECTROMAGNETIC REF'LECTION FROM LAYERED LUNAR MODELS* 

1. Introduc t ion 

The s p e c i f i c  problem which we wish t o  analyze is t h e  de te rmina t ion  

of t h e  s c a t t e r e d  f i e l d  re turned  from t h e  moon when i l lumina ted  by plane 

electromagnet ic  waves. We s h a l l  consider  t h e  lunar  i n t e r i o r  as r a d i a l l y  

layered  i n  some sense.  To es t imate  t h e  electromagnet ic  p r o p e r t i e s  of 

t h e s e  l a y e r s  w e  s h a l l  use our  cur ren t  knowledge of e a r t h  materials 

(admit tedly inadequate) and t h e  a v a i l a b l e  d a t a  obtained from lunar  

s t u d i e s .  I n  a d d i t i o n  t o  t h e  layer ing assumption, w e  s h a l l  f u r t h e r  

approximate t h e  s i t u a t i o n  by neglect ing several f a c t o r s .  L a t e r a l  

inhomogeneities and an iso t ropy  are omit ted i n  t h e  l a y e r s  as is  any 

d i s t r i b u t i o n  of o b j e c t s  immersed in  these  layers .  Our model of t h e  

moon s h a l l  c o n s i s t  of a p lane  su r face  and p a r a l l e l  p lane  i n t e r f a c e s  

between l aye r s .  

assumed p lanar ;  t h i s  is permissible  when t h e  r ad ius  of curva ture  f o r  

t h e  va r ious  l a y e r s  is much g r e a t e r  than t h e  electromagnet ic  wavelength 

i n  t h e  media. 

and foregoing su r face  and i n t e r f a c e  roughness we necessa r i ly  d i s r ega rd  

m u l t i p l e  s c a t t e r i n g  and shadowing involving these  sources .  

de r ived  r e s u l t s  i n  t h e  frequency range lo4 t o  10'' Hz which seems 

a p r a c t i c a l  frequency band f o r  the  o r b i t a l  s t u d i e s  of immediate concern. 

Free space i s  assumed above t h e  lunar su r face  al though anomalous propaga- 

t i o n  is expected i n  t h e  v i c i n i t y  of  t h e  est imated e l e c t r o n  plasma frequency 

of  2.8 x lo4 Hz i n  t h e  s o l a r  wind ( P h i l l i p s ,  1968). 

side of the  moon, plasma resonances are expected t o  be w e l l  ou t s ide  t h e  

passband of i n t e r e s t  i n  t h i s  study. Resul t s  are obtained a t  va r ious  

* This work supported by NASA Contract N A S  2-5078. 

Thus, the  gross  sphe r i ca l  l ayer ing  of t h e  moon is 

By assuming no d i s c r e t e  s c a t t e r i n g  c e n t e r s  w i t h i n  l aye r s  

W e  have 

On the  a n t i - s o l a r  
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angles  of incidence so  t h a t  both a s t a t i c  and b i s t a t i c  sounding is 

t r e a t e d .  Inc ident  e lectr ic  f i e l d  p o l a r i z a t i o n s  both i n  and perpendicular  

t o  t h e  p lane  of incidence (E; and El I respec t ive ly )  have been 

considered. 

From a p r a c t i c a l  po in t  of view it would seem t h a t  our neg lec t  of 

roughness could be the  most se r ious  omission, e s p e c i a l l y  a t  t h e  h igher  

f requencies .  Roughness, though defined a r b i t r a r i l y ,  is a func t ion  not  

on ly  of t h e  su r face  parameters such as s lopes  and he igh t s  but  a l s o  of 

t h e  inc ident  r ad ia t ion ,  2.g. i ts  wave length  and ang le  of incidence.  It 

is a l s o  w e l l  known t h a t  su r f ace  roughness can modify t h e  re turned  s i g n a l  

much more than  t h e  e l e c t r i c a l  p rope r t i e s  of t h e  ha l f  space (Beckmann and 

Spizzichino,  1963). This modif icat ion reduces t h e  specular  component i n  

r e f l e c t i o n  and introduces an  incoherent s i g n a l  composed of components 

d i f f e r i n g  randomly i n  phase and amplitude from t h e  specular  r e tu rn .  

2. Theore t i ca l  Approach 

a. Arb i t r a ry  P o l a r i z a t i o n  

The s c a t t e r e d  r e t u r n  o r  modif icat ion of t h e  r a d i a t i o n  inc iden t  upon 

a p l ane ta ry  s u r f a c e  may be described by a number of schemes. 

c h a r a c t e r i z e  t h e  i l l umina t ion  and s c a t t e r e d  f i e l d s  by t h e i r  four  Stokes 

parameters i n  which case  t h e  Mueller mat r ix  descr ibes  t h e  t ransformat ion  

(Hagfors, 1967). Al te rna t ive ly ,  the t ransmi t ted  e l e c t r i c  f i e l d  can be 

thought of a s  being transformed t o  t h e  s c a t t e r e d  r e t u r n  by t h e  composite 

t a r g e t  s c a t t e r i n g  matrix (Huynen, 1967). Obtaining t h i s  mat r ix  d i r e c t l y  

r e q u i r e s  measuring amplitude and phase of two orthogonal r e t u r n s  from 

each of two t ransmi t ted  orthogonal s i g n a l s .  Other i n d i r e c t  methods 

W e  could 
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n e c e s s i t a t e  amplitude (or power) ‘measurements only. Huynen (1967) has  

shown t h a t  t h e  formulation of a composite s c a t t e r i n g  mat r ix  t o  c h a r a c t e r i z e  

backsca t te r ing  by rough sur faces  may be  used t o  represent  t h e  modified 

Kirchhoff-Huygens approach presented by Fung (1966). Our model of t h e  

lunar  su r face  treats specular  r e f e c t i o n  only; therefore ,  a s i n g l e  r a t h e r  

than a composi tescat ter ing matrix w i l l  be used t o  descr ibe  t h e  re turned  

s igna l .  

Suppressing range and t i m e  dependence terms the  s c a t t e r i n g  mat r ix  

i n  our app l i ca t ion  becomes simply the  2 

: O I  R 
@I, 

0 

where the  s u p e r s c r i p t s  I and S r e f e r  

x 2 matrix i n  

t o  the  inc ident  and s c a t t e r e d  

e l e c t r i c  f i e l d s  f o r  t h e  two po la r i za t ions .  R and R are the  

complex or thogonal  e l e c t r i c  f i e l d  r e f l e c t i o n  c o e f f i c i e n t s  f o r  t h e  

II I 

l ayered  half-space.  From (1) it is apparent  that, except when t h e  

inc iden t  f i e l d  is solely E l l  I o r  EL, I depolar iza t ion ,  t h a t  is, a 

change i n  po la r i za t ion ,  r e s u l t s  even fromspecular  r e f l e c t i o n .  Thus, 

though (1) is  simple it is f a r  from t r i v i a l .  

The no ta t ion  i n  (1) e a s i l y  accomodates a r b i t r a r y  inc ident  po la r i za -  

t i o n  when w e  write the  components of inc ident  a s  
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I 
The r e l a t i v e  phase (p = ( #,, - @: ) of t h e  inc iden t  components desc r ibes  

t h e  sense  and degree of e l l i p t i c a l  p o l a r i z a t i o n  which degenerates  t o  

l i n e a r  when 

r ep resen ta t ion  of t h e  locus of  t h e  e l e c t r i c  f i e l d  vec tor  i n  a p lane  normal 

@ equals  0 , 'n' , Zn, ... Figure 1 gives  t h e  usual  geometr ical  

t o  t he  inc ident  d i r e c t i o n .  

and t h e  normal t o  the  inc iden t  plane is t h e  o r i e n t a t i o n  angle  

whereas 7 (-?Y/4 < /Y& 'i?'/4 ) is r e f e r e d  t o  as t h e  a u x i l i a r y  o r  

e l l i p t i c i t y  angle.  The s i g n  of 7 d i f f e r e n t i a t e s  left-handed 

The angle  between t h e  major a x i s  of t h e  e l l i p s e  

\v 

(-) from right-handed (+) po la r i za t ion .  Following Huynen (19671, w e  

express  3 a s  

This  combined wi th  (1) descr ibes  the s c a t t e r e d  f i e l d  convenient ly  i n  t e r m s  

of t h e  p o l a r i z a t i o n  geometry of the  inc iden t  f i e l d .  Such a r e s o l u t i o n  of 

t h e  inc iden t  p o l a r i z a t i o n  is necessary i n  p r a c t i c e  f o r  t h e  u l t ima te  

decompos it  ion  of (1) t o  y i e l d  orthogonal r e f l e c t  ion c o e f f i c i e n t  va lues .  

It has  been previous ly  shown by Ward, J i r a c e k  and L in lo r  (1968) t h a t  

estimates of t h e  e lectr ical  p rope r t i e s  of hypothesized lunar  l a y e r s  

may b e  obtained from va lues  of t h e  r e f l e c t i o n  c o e f f i c i e n t s  a t  normal 

incidence.  

ang le s  of incidence;  thereby, permi t t ing  b i s t a t i c  a n a l y s i s  of d i f f e r i n g  

i n c i d e n t  p o l a r i z a t i o n  s ta tes .  

The p resen t  s tudy  f u r t h e r  gene ra l i zes  the  r e s u l t s  t o  o5l ique  

Figure 2 diagramat ica l ly  r ep resen t s  a 

p l ane  wave obl ique ly  inc ident  upon a layered  lunar  s t r u c t u r e  a t  an angle  

8 .  Each l a y e r  of th ickness  h j  is ass igned  d i spe r s ive  va lues  of per-  

m i t t i v i t y  E Pj * conduct i v  i t y Cj , and magnetic permeabi l i ty  j '  
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I .  

Theoretical evaluation of the reflection coefficients for the two 

polarizations follows Wait (1958). 

b. Parallel Polarization 

The amplitude reflection coefficient for this case is obtained from 

In (4 )  the surface impedance Za is found by t.,e recursive relation 
h za = z ,  ;f, + Z ,  tanh (u1hi) 

where 

is the characteristic impedance of the jth layer and 
4 ,  

Here cc, is, as usual, the angular frequency, 2 c 4  . The propagation 
II constant" for each layer is 
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and 

! -  

I -  

[ = h; sin 0 

A 

The n th  l a y e r  is semi - in f in i t e ;  t he re fo re  z, = E ,  . BY 

cons ider ing  Za as being equal  to t h e  impedance of an equiva len t  

homogeneous half-space w e  use ( 6 ) ,  (7), and (8) t o  o b t a i n  

(9) 

where the a subsc r ip t  on , , and /cc denote  apparent values .  

A + o r  - s i g n  i n  (10) is used depending on whether t he  phase of is Z, 

g r e a t e r  than o r  less than 0" respec t ive ly .  

c . Perpendicular  Po la r i za t ion  

The s o l u t i o n  of t h e  r e f l e c t i o n  c o e f f i c i e n t  wi th  t h i s  p o l a r i z a t i o n  is 

where t h e  su r face  admi t t ame  Y, 

equal1 ing (5) when Z ' s  are replaced by Y ' s  . I n  t h i s  case  

i s  given by a r e c u r s i v e  r e l a t i o n  
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a r e  t h e  c h a r a c t e r i s t i c  admittances of  t h e  l aye r s .  Using t h e  s u r f a c e  

admittance, from (7), (8), and (12) w e  compute apparent  , E ?  
and ,bt using 

I n  p rac t i ce ,  a f t e r  the  decomposition of t h e  s c a t t e r e d  f i e l d s  using 

(1) and (3) t o  o b t a i n  R , ,  and RL w e  would c a l c u l a t e  t h e  apparent  

conduc t iv i ty  and apparent  d i e l e c t r i c  cons tan t  Kd <a /eo us ing  

(10) and (13) by assuming ,Ua - 

i n  f a c t  t h e  p j ' s  (hence 

. This  may not  be t h e  a c t u a l  case, - Po 

L.- wL;ef ly  7 i n  a l a t t e r  sec t i en .  Actually, t h e  c a l c u l a t i o n  of apparent 

) may be complex which w i l l  be considered 
P a  

e lec t r ica l  q u a n t i t i e s  is only a n  i n t e r p r e t a t i o n a l  a id .  The amplitudes 

and phases of R , ,  and RI do i n  themselves con ta in  a l l  of the  

a v a i l a b l e  information r e l a t i n g  t o  layer ing ,  depth ex ten t ,  and e l e c t r o -  

magnetic p rope r t i e s .  To s tudy the behavior of R , ,  and RI ( a l s o  ca 
and Ka) w e  no te  t h a t  these  quantities are func t ions  of both f and 8 .  

For presenta t ion ,  w e  s h a l l ,  therefore ,  f i x  one of t hese  parameters whi le  

showing t h e  dependency upon the  other .  
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3 .  Se lec t ion  of Lunar Models 

Detai led d iscuss ions  of t he  estimates of t h e  d i s t r i b u t i o n  of e l e c t r o -  

magnetic parameters i n  t h e  moon may be found i n  Ward, J i racek ,  and L in lo r  

(1968, 1969) and Ward (1969). Herein w e  s h a l l  r ep resen t  t h e  luna r  

i n t e r i o r  by the  following layers :  debris,  "dry" rock, permafrost ,  a 

w e t  s h e l l ,  and a ho t  i n t e r i o r .  Except i n  a later s e c t i o n  where t h e  

d e b r i s  is descr ibed as a gradual  t r ans i t i on ,  a l l  l a y e r s  are considered 

homogeneous. F igures  3, 4, and 5 give estimates of t h e  conduct ivi ty ,  

d i e l e c t r i c  constant ,  and l o s s  tangent ( tan 

l a y e r  as functions 

s u r f a c e  d i e l e c t r i c  cons tan t  and conduct iv i ty  va lues  adopted i n  the  r ada r  

frequency range are cons i s t en t  w i t h  t h e  most r e c e n t l y  repor ted  a s t a t i c  

and b i s t a t i c  r ada r  r e s u l t s  (Burns, 1969 and Tyler,  1968). The f u l l  

curves  r ep resen t  approximations der ived from these  and t h e  o the r  r e fe rences  

c i t e d  above when s imple a n a l y t i c  expressions are d e s i r a b l e .  

each parameter p l o t s  as a power funct ion of frequency, i.5. l i n e a r  

segments on a log-log bas i s .  Geologica?ly speaking t h e  deb r i s  parameters 

approximate those  of an oven dr ied  volcanic  ash and t h e  dry and w e t  

r ock  l aye r s  are c o n s i s t e n t  wi th  oven d r i ed  b a s a l t  and b a s a l t  wi th  about 

1% pore  moisture, respec t ive ly .  

expected f o r  a rock wi th  a few percent  f rozen  moisture  a t  about -20 t o  

-30 OC. I n  t h e  frequency range we consider ,  we do not  "see" t h e  posulated 

h o t  i n t e r i o r  where temperatures in  excess  of 1500 O C  are expected. 

6 '  = a ' / L C I & ' )  f o r  each b d  d 
of frequency i n  the rang& 1 t o  10" Hz. The near- 

Note t h a t  

The permafrost  curves  are near t o  those  
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4 .  Resul t s  

a. Prel iminary Remarks 

Our s tudy  of ob l ique  electromagnet ic  r e f l e c t i o n  from layered  models 

e s s e n t i a l l y  reduces t o  t h e  i n t e r p r e t a t i o n  of t he  complex r e f l e c t i o n  

c o e f f i c i e n t s  i n  ( 4 )  and (11). With layered  media it is evident  t h a t  

r e f l e c t i o n s  from subsurface l aye r s  w i l l  i n t e r f e r e  wi th  t h e  su r face  

r e f l e c t i o n .  This phenomena r e s u l t s  i n  o s c i l l a t o r y  behavior i n  t h e  ampli- 

tude and phase of t he  r e f l e c t i o n  c o e f f i c i e n t s  as func t ions  of frequency 

as demonstrated by Ward, J i racek ,  and L in lo r  (1968) f o r  normal incidence.  

S imi la r  cha rac t e r  is found as a func t ion  of inc ident  angle  and f o r  

i l l u s t r a t i o n  we s h a l l  consider  a model cons i s t ing  of f r e e  space over- 

l y i n g  a t h i n  l a y e r  ( f i r s t  l aye r )  of debris ,  which i n  t u r n  o v e r l i e s  a 

homogeneous h a l f  space (second layer). For s i m p l i f i c a t i o n  w e  t rea t  t h e  

s t r a t a  as nonmagnetic and lo s s l e s s .  The la t ter  condi t ion  is expected 

f o r  l una r  near -sur face  materials where t a n  

m g n e t i c  perm,eabili ty m y  d i f f e r  from f r e e  space as discussed  l a t e r .  

It is  well-known from in t e r f e rence  o p t i c s  t h a t  t he  phase d i f f e r e n c e  

between su r face  r e f l e c t i o n  and r e f l e c t i o n  from t h e  f i r s t - second  l a y e r  

i n t e r f a c e  is g iven  by 

5 44 1 (Figure 5) but  

where c 

K1 = cl/ g o  and hl are  t h e  d i e l e c t r i c  cons tan t  and th ickness  of l aye r  

is t h e  v e l o c i t y  of e lectromagnet ic  r a d i a t i o n  i n  f r e e  space, and 
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1 respec t ive ly .  

therefore ,  i n  t h e  l o s s l e s s ,  nonmagnetic case, t h e  su r face  and primary 

i n t e r f a c e  r e f l e c t i o n s  are i n  phase fo r  perpendicular  po la r i za t ion .  

when 

W e  expect increasing admittances wi th  depth i n  the  moon; 

Hence, 

t h e r e  w i l l  occur i n t e r f e r e n c e  minima i n  t h e  IRJ values .  This equat ion 

a l s o  app l i e s  t o  p a r a l l e l  po la r i za t ion  providing the  r e f l e c t i o n s  occur a t  

i nc iden t  angles  less than t h a t  of t h e  p r i n c i p l e  or  Brewster angle  of i n c i -  

dence. A t  t h i s  angle,  a phase s h i f t  of 'ir occurs i n  r e f l e c t i o n  with 

t h i s  p o l a r i z a t i o n  and (15) then descr ibes  maxima i n  I!?,,\ . Applica- 

t i o n  of (15) t o  estimate l aye r  thickness  

t i o n  of successive maxima o r  minima t o  reso lve  the  i n t e r f e r e n c e  order  

ambiquity ,( . The Brewster angle f o r  su r face  r e f l e c t i o n  is  obtained 

from 

hl normally requires observa- 

under the  l o s s l e s s ,  nonmagnetic assumption when su r face  r e f l e c t i o n  

vanishes  f o r  p a r a l l e l  po lar ized  incident  r ad ia t ion .  The Brewster angle  

a t  t h e  f i rs t  layer - second l aye r  i n t e r f a c e  gene ra l ly  d i f f e r s  from t h a t  

a t  t h e  sur face .  However, f o r  t he  l aye r s  w e  have pos tu la ted ,  r e f l e c t i m  

cannot occur a t  t h i s  angle  wi th in  the  moon even wi th  grazing incidence 

(0  = 90") upon the  sur face .  

low-loss,  t he  Brewster angle  phenomenon does not y i e l d  zero r e f l e c t i o n  

I n  passing, w e  no te  t h a t  when t h e  l aye r s  are not  
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although aminimm occurs a t  an angle  d i f f e r i n g  from Q8 i n  (16). 

Also, i f  t h e  r e l a t i v e  magnetic permeabi l i ty  of a l o s s l e s s  s u r f a c e  l a y e r  

is g r e a t e r  than  the  d i e l e c t r i c  constant ,  zero r e f l e c t i o n  occurs  a t  a 

s p e c i f i e d  inc ident  angle  f o r  perpendicular  po la r i za t ion .  Nei ther  of 

t hese  environments is expected i n  t h e  luna r  s u r f a c e  except  as rare 

occurences. 

To analyze t h e  cha rac t e r  of t h e  phase component i n  r e f l e c t i o n  w e  

s o l v e  ( 4 )  and (11) obta in ing  

and 

Further ,  w e  c o n s t r a i n  the  phase values  t o  be -r/;Z( @ R  5 r/z . 
With t h i s  c o n s t r a i n t  and from (17) it is apparent  t h a t  t h e  phase of t h e  

r e f l e c t i o n  c o e f f i c i e n t s  w i l l  pass through 0" d iscont inuous ly  when 

IYa\ = -+_ Yo 
pass ing  through 0" occur when zz&d\ $hd)td o r  zxl&[ 5;tI ($% = 0. 

LII @L 

o r  IZd\2+--Zu . Continuous o s c i l l a t i o n s  i n  phase 

For a homogeneous ha l f  space, wi th  no unusual magnetic p r o p e r t i e s  

4 1 '(dl and no discontinuous phase changes occur i n  
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I .  

I( 

a 

t he  case  of p a r a l l e l  p o l a r i z a t i o n  

t h e  Brewster angle  of incidence and 

Therefore,  f o r  homogeneous ground a phase change of 

t h e  Brewster angle  i n  t h i s  case.  The numerators i n  t h e  arguments i n  (17) 

d i c t a t e  0" phase terms when 

to  7 &\ a t  less than  

zo< I Ea\ above t h i s  angle.  

n is found a t  

E, (or Yo ) o r  t h e  imaginary p a r t  of 

zd (or Ya equals zero.  Zo (or Y' is zero  only a t  Q = 900 as 

is ev ident  from (6), (7), and (9). The imaginary p a r t  of Z d ( o r  ya 1 

i s  ze ro  f o r  homogeneous ground only when t a n  6 = 0 , i.e. f o r  pure 

d i e l e c t r i c  materials. 

Ref l ec t ion  from a s t r a t i f i e d  medium is much more complicated than  

t h e  homogeneous case. During o s c i l l a t o r y  behavior i n  r e f l e c t i o n  co- 

e f f i c i e n t s  d i s c o n t i n u i t i e s  i n  phase appear whenever t h e  poles  i n  (17) 

occur.  Maxima and mimina i n  the  amplitudes of t he  r e f l e c t i o n  c o e f f i c i e n t s  

are  accompanied by zeros  i n  t h e  phase terms when t h e  materials are low- 

loss .  Physical ly ,  t h e  i n t e r n a l  r e f l e c t i o n s  r e t u r n  t o  t h e  s u r f a c e  

a l t e r n a t e l y  in-phase and out-of-phase wi th  t h e  su r face  r e f l e c t i o n  and 

the s i n e  terms i n  (17) y i e l d  zeros  i n  t h e  phase response. 

A l l  numerical r e s u l t s  presented w i t h i n  are obtained by d i s c r e t e  

frequency o r  incidence angle  sampling of t h e  appropr i a t e  equat ions.  

some cases t h i s  sampling r a t e  has been purposely reduced t o  i l l u s t r a t e  

t h e  e f f e c t s  of a l i a s i n g .  

In 

b. Functions of Frequency 

For the  f i r s t  l una r  model we consider  t h e  s imple two-layered "dry" 

moon d iag ramed  i n  Figures  6 ar.d 7. Here 10 meters of ''dry'' deb r i s  covers  
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a c r u s t  of s o l i d  “drytt rock. 

and phase, r e spec t ive ly ,  of t he  r e f l e c t i o n  c o e f f i c i e n t  as func t ions  

of frequency a t  normal incidence.  A t  v e r t i c a l  incidence the  d i s t i n c t i o n  

between p a r a l l e l  and perpendicular p o l a r i z a t i o n  vanishes hence ( 4 )  and 

(11) y i e l d  equal  r e s u l t s .  The o s c i l l a t i o n s  i n  these  p l o t s  a r e  due t o  

the  10 m d e b r i s  l a y e r  and an  observation of t he  f i r s t  minimum i n  I R )  a t  

4 MHz would enable the  estimate of t h i s  th ickness  t o  be made. The procedure 

i n  p r a c t i c e  is  discussed by Ward, J i r acek ,  and L in lo r  (1968, 1969) and w e  

b r i e f l y  i l l u s t r a t e  t he  method. To permit us ing  (15) w e  r e q u i r e  an estimate 

of K1. 

t h e  l a y e r  th ickness  we no te  t h a t  the low va lues  of r e f l e c t i o n  c o e f f i c i e n t  

can only a r i s e  from low-loss materials. Hence, K1 may be es t imated  with- 

ou t  phase information i n  the  frequency v i c i n i t y  of t he  f i r s t  minimum by 

Figures 6 and 7 i l l u s t r a t e  t he  amplitude 

Equations (11) o r  (13) could be ipvoked but f o r  simply ob ta in ing  

The mean of 

S u b s t i t u t i o n  i n t o  (15) then  y i e l d s  t h e  l a y e r  th ickness  of 10 m. A t  

low frequencies,  only t h e  second l a y e r  is i n f l u e n t i a l  and (18) y i e l d s  

K2 = 7.7  a s  opposed t o  the  a c t u a l  va lue  of 7.8 a t  lo4  Hz. Comparison 

of t h e  o s c i l l a t i o n s  i n  t h e  phase component (Figure 7) w i th  those of 

(Figure 6) r evea l s  zeros  i n  a t  maxima and minima i n  I R I  a s  

expected f o r  low-loss media. Observing low va lues  of r e f l e c t i o n  co- 

e f f e c i e n t  d i r e c t l y  i n f e r s  low-loss m a t e r i a l s  and f o r  most n a t u r a l  

IRI is estimated t o  be  0.27 a t  4 MHz and by (18) K I E  3 .  
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substances a t  temperatures 3 - 40" C t h i s  precludes apprec iab le  (a few 

t e n t h s  of a percent)  l i q u i d  o r  f rozen water. This  important determina- 

t i o n  may t h e r e f o r e  r e q u i r e  measurements of t h e  amplitude of r e f l e c t i o n  

c o e f f i c i e n t s  only, p referab ly  a t  low frequencies .  

The numerical c a l c u l a t i o n s  made t o  o b t a i n  t h e  curves i n  Figures  6 

and 7 ( a l s o  Figures  8, 11, 12, and 14) u t i l i z e d  90 equal ly  spaced poin ts  

t o  descr ibe  t h e  10 t o  10 frequency decade. These r e s u l t s  are  g e n e r a l l y  

s u f f i c i e n t l y  d e t a i l e d  t o  t r a c e  t h e  continuous curves;  but,  above 10 Hz 

only 9 po in ts  per  decade are  ca lcu la ted  a3d severe a l i a s i n g  is present  

i n  Figures  6 ,  7, 8, and 11. Similar  a l i a s i n g  using 30 p o i n t s  per decade 

is seen  i n  Figures  11 and 12 from lo6  t o  10 

compared t o  corresponding r e s u l t s  i n  Figures  8 and 14  where 90 poin ts  were 

used. We a r e  thus cautioned t h a t  i nco r rec t  conclusions may be obtained 

from d i s c r e t e  observat ions a t  too few frequencies .  

7 8 

8 

7 Hz when these  curves a r e  

In c o n t r a s t  t o  t h e  dry  model j u s t  considered w e  now observe t h e  

response from t h e  model shown i n  Figures 8 through 12. Here w e  have 

hypothesized a permafrost  l a y e r  a t  100 m depth, extending t o  3 Km. A 

w e t  s h e l l  and ho t  i n t e r i o r  a r e  considerzc! reasonable below t h i s  depth but  

t h e s e  l a y e r s  are  no t  i n f l u e n t i a l  i n  t h e  frequency range w e  have chosen. 

The major d i f f e r e n c e  between t h i s  permafrost model and t h e  dry model occurs  

a t  t h e  lower f requencies  where t h e  r e f l e c t i o n  c o e f f i c i e n t s  are  higher  

by about 5 db i n  t h e  permafrost  case. A w e t  unfrozen l a y e r  a t  100 m 

depth would a l s o  have r e f l e c t i o n  c o e f f i c i e n t s  higher  than t h e  dry case 

and i n  f a c t  c m l d  have values  a s  high o r  higher  than t h e  permafrost .  

The f i r s t  minimum i n  IRJ a t  3 x 10 HZ (Figure 8) is due t o  t h e  com- 

bined thicknesses  of t h e  f i r s t  two l a y e r s  of 100 m. The o s c i l l a t i o n s  

5 
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due t o  the  100 m thickness  damp out as frequency increases  and a r e  super-  

imposed upon by another  resonant  e f f e c t  wi th  a f i r s t  minimum a t  about 

4 x lo6  Hz. 

depths from a c t u a l  da t a  r equ i r e s  an estimate of t h e  e f f e c t i v e  d i e l e c t r i c  

cons tan t  a t  the  var ious  frequencies and t h i s  may be done with the  a i d  

of Figure 9. This f i g u r e  graphs the r e s u l t s  from t h e  imaginary p a r t s  

of  (10) o r  (13) and a l s o  includes t h e  a c t u a l  l aye r  values .  A t  high 

frequencies  the  o s c i l l a t i o n s  center  about and asymptote t o  the  va lues  

of t he  deb r i s  l a y e r  while  a t  lower f requencies  the  permafrost  va lues  a r e  

in fe r r ed .  S imi la r ly  i n  Figure 10, p l o t t i n g  t h e  r e a l  p a r t s  of (10) o r  

(13), t he  conduc t iv i t i e s  of t he  debr i s  and permafrost  may be est imated 

from fld va lues  a t  high and low frequencies  r e spec t ive ly .  It is  our  

experience t h a t  va lues  of da 

r e g u l a r  than corresponding apparent d i e l e c t r i c  constant  values .  

phase component of R f o r  t he  p e r m f r o s t  mcdel conta ins  numerous 

d i s c o n t i n u i t i e s  i n  t h e  range of the predominance of t h e  100 m l aye r  

hence is not  displayed gr~phically~ 

This is due t o  the  10 m deb r i s  l aye r .  Est imat ion of t h e s e  

asymptote much less rap id ly  and a r e  less 

The 

Figures 11 and 1 2  present  r e s u l t s  a t  8 = 60" with  the  permafrost  

model f o r  t h e  two e l e c t r i c  po la r i za t ions .  As t h e  angle of incidence is 

increased,  t h e r e  is a genera l  increase i n  the  va lues  of \ R l l  
o s c i l l a t i o n s  are s h i f t e d  due t o  s l a n t  pa th  changes a s  requi red  by (15). 

With p a r a l l e l  po lar iza t ion ,  an  ove ra l l  decrease i n  t h e  r e f l e c t i o n  co- 

e f f i c i e n t  values  toge ther  wi th  migrations i n  t h e  o s c i l l a t i o n s  a r e  observ- 

ed u n t i l  reaching the  B r e w s t e r  angle. 

frequency s i n c e  we have in se r t ed  d i s p e r s i v e  e l e c t r i c a l  p rope r t i e s  f o r  

t h e  layers .  I n  Figure 1 2  we see  t h a t  above lo9 Hz t he  Brewster angle  

and the  

This angle  is a func t ion  of 
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may be taken a s  60". 

above 10 Hz (Figure 9) .  The n u l l s  i n  t h e  r e f l e c t i v i t y  a t  B r e w s t e r  

angles  can be used d i r e c t l y  t o  e s t ima te  d i e l e c t r i c  cons t an t  as has been 

done f o r  t he  moon by Tyler  (1968) employing b i s t a t i c - r a d a r  measurements. 

The phase change of 4'f a s  w e  pass through the  Brewster angle  r e s u l t s  

i n  r e v e r s a l s  i n  t h e  troughs and peaks i n  

incidence.  A s  t he  o b l i q u i t y  increases,  a l l  lR, , \  va lues  inc rease  t o  

u n i t y  a t  0 = 90" as do t h e  

B r e w s t e r  angle  phenomenon. 

This i s  v e r i f i e d  by (16) when us ing  K a & K  = 3 1 
9 

IR,,I a t  higher angles  of 

I R A  values which a r e  no t  a f f e c t e d  by the  

The Apollo 11 r e s u l t s  (Lunar sample preliminary examination t e a m ,  

1969) have confirmed a dens i ty  increase  w i t h  depth i n  t h e  lunar  s u r f a c e  

m a t e r i a l  a s  one would expect from s i m p l e  compaction. To i n v e s t i g a t e  a 

model of t he  moon i n  which debr i s  compaction is accounted fo r ,  w e  nave 

exponen t i a l ly  graded t h e  va lues  of d i e l e c t r i c  cons tan t  and conduc t iv i ty  

frcm, t h e  su r face  t o  10 m depth by considering 100 d i s c r e t e  0.1 m l aye r s  

a s  shown f o r  136.11 MHz i n  Figure 13 .  The g rada t iona l  va lues  have been 

adopted as func t ions  of frequency similar t o  the  func t ions  given i n  

F igu res  3 and 4 .  The r e f l e c t i o n  c o e f f i c i e n t s  presented i n  F i g u r e  14 

a t  normal incidence r e s u l t .  A t  low frequencies,  t h i s  curve i s  i d e n t i c a l  

t o  t h a t  of F igure  8 which p e r t a i n s  to  a homogeneous 10 m s u r f a c e  l a y e r .  

However, t he  superimposed o s c i l l a t i o n s  due t o  t h e  10 m layer ,  s o  w e l l  

developed i n  F igure  8, a r e  ba re ly  d i s c e r n i b l e  i n  F igure  14. Also t h e  

h igh  frequency asymptote is much lower i n  the  g rada t iona l  case .  IR1 

A t  wave lengths  s u b s t a n t i a l l y  l e s s  than t h e  th ickness  of the  g rada t iona l  

l aye r ,  r e f l e c t i o n  is most s e n s i t i v e  t o  the  c o n t r a s t  i n  d i e l e c t r i c  

c o n s t a n t  occur r ing  a t  t he  su r face .  Hence, t h e  r e f l e c t i o n  
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c o e f f i c i e n t  and a s soc ia t ed  q u a n t i t i e s  i d e n t i f y  t h e  s u r f a c e  d i s c o n t i n u i t y  

above about 5 x 10 Hz even though the s k i n  depth i s  a s  g r e a t  a s  50 m. 

The i r r e g u l a r i t i e s  i n  IRI 

t o  t h e  100 d i s c r e t e  l a y e r s  used t o  approximate a continuous g rada t iona l  

change. I n  the  l i m i t  of an i n f i n i t e  number of l aye r s ,  t he  r e s u l t s  can 

be shown t o  converge (Fu l l e r  and Ward, 1969). 

7 

a t  approximately lo9  Hz and above a r e  due 

c .  Functions of Angle of Incidence 

To study t h e  e f f e c t  of a b i s t a t i c - r a d a r  system i l l umina t ing  t h e  

moon a t  angles  of incidence 0 t o  90" w e  have chosen t o  present  r e s u l t s  

a t  136.11 MHz which is t h e  frequency used i n  T y l e r ' s  experiments. The 

r e s u l t s  f o r  p a r a l l e l  p o l a r i z a t i o n  a re  presented  i n  Figures 15 and 16 

and show the  dependence on debr i s  thickness us ing  t h e  permafrost model. 

Xaxy of the  f e a t u r e s  d iscussed  i n  par t  (a) of t h i s  s e c t i o n  may be deduced 

from these  f i g u r e s .  O s c i l l a t i o n s  i n  the apparent d i e l e c t r i c  cons t an t  

curves a r e  i n  phase wi th  o s c i l l a t i o n s  a t  f requencies  below t h e  

Brewster angle  and out-of-phase abvve as ~106s examination c?f rlhe 

h l  = 30m r e s u l t s  of F igure  15 w i l l  confirm. 

60" f o r  hl = 100 m, are accompanied by d i s c o n t i n t u i t i e s  i n  the  phase of t h e  

r e f l e c t i o n  c o e f f i c i e n t  a s  Figure 16 i l l u s t r a t e s .  Continuous change of 

phase #R,, through ze ro  degrees appears a t  o s c i l l a t o r y  maxima and minima 

i n  IRl,l . The phase &,, i s  zero a t  graz ing  incidence.  O s c i l l a t i o n s  

i n  apparent  conduct iv i ty ,  Figure 16, a r e  nea r ly  out of phase wi th  the  

v a l u e s .  These genera l  p a t t e r n s  a r e  expected when t a n  6 4< 1 p e r t a i n s  

i n  t h e  m a t e r i a l s .  

lRlll 

The Brewster minima, g .g . a t  

lRll1 

With hl = 100 m t h e  amplitude and phase of t h e  r e f l e c t i o n  c o e f f i c i e n t s  

appea r  as smooth func t ions  of inc ident  ang le  except a t  t h e  B r e w s t e r  ang le  
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of 60" (Figures 15 and 16) .  The apparent d i e l e c t r i c  cons t an t  y i e lds ,  f o r  

h = 100 m, a va lue  of 3 f o r  a l l  angles of incidence; t h i s  va lue  i s  a l s o  

ev ident  using (16) a t  t h e  Brewster angle.  The apparent  conduc t iv i ty  does, 

however, show o s c i l l a t o r y  behavior due t o  t h e  100 m th ickness  (Figure 16). 

I n  t h i s  t h e o r e t i c a l  ca se  the  ac tua l  conduct iv i ty  and th i ckness  of l aye r  1 

can be estimated but i n  p rac t i ce ,  equipment r e s o l u t i o n  would l i m i t  t h i s  

c a p a b i l i t y .  

l a y e r s  o s c i l l a t e  about t he  100 m r e s u l t s  y i e l d i n g  appropr i a t e  th ickness  

va lues  v i a  (15). The apparent conduc t iv i t i e s ,  though, a r e  not  d i r e c t l y  

u s e f u l  i n  determining 0-1 o r  flL values.  Because 1 m i s  nea r ly  an  exac t  

odd mul t ip l e  of a q u a r t e r  wave a t  t he  frequency chosen, w e  have seemingly 

anomalous resu l t s  f o r  t h i s  deb r i s  th ickness .  Actual d e f i n i t i o n  of a l l  

o f  t hese  curves u l t i m a t e l y  depends upon equipment r e s o l u t i o n  and sampling 

c h a r a c t e r i s t i c s  . 

1 

IRI1l , # R ~ ,  , and Ka curves f o r  t h e  10 m and 30 m d e b r i s  

A s  an example of using (15) to  determine l a y e r  th ickness  w e  t ake  

t h e  success ive  h = 10 m minima i n  IR, /  a t  17" and 42". S e t t i n g  

Kl = 3 and s u b s t i t u t i n g  17" and 42" t o  ob ta in  two simultaneous equations 

1 

i n  t h e  two independent unknowns Il7 and hi Y ~ C I ~ S  B 15 14, 

r e spec t ive ly ,  and h l c  10 m. (Note t h a t  142 = I,, - 1 so  t h a t  1 - 
42 

is  no t  an independent unknown.) It is poss ib l e  t o  estimate a va lue  O E  

d i e l e c t r i c  cons tan t  f o r  l aye r  2 from peaks of Ka va lues ,  e.&. K 2  

is  l i k e l y  t o  be  a t  least  a s  l a rge  a s  4.5 according t o  t h e  hl = 10 m 

d a t a  of Figure 15. 

- 

Figure 1 7  con ta ins  lRl , \  , IRA , K a , (  , and K r e s u l t s  

The r e f l e c t i v i t y  
a l  

f o r  a g rada t iona l  10 m deb r i s  layer a t  136.11 MHz. 

va lues  p l o t  smoothly wi th  no 10 m o s c i l l a t i o n s .  The occurence of t h e  
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Brewster ang le  a t  52" and t h e  values of apparent d i e l e c t r i c  cons t an t  

y i e l d  the  va lue  of t he  very  top of t h e  d e b r i s  l a y e r  a s  d i scussed  ear l ie r .  

The minor i r r e g u l a r i t i e s  i n  t h e  Ka 

sampling of t h e  continuous d e b r i s ,  It has been found t h a t  apparent 

va lues  c a l c u l a t e d  from p a r a l l e l  p o l a r i z a t i o n  r e s u l t s  a r e  more i r r e g u l a r  

and t h i s  is a t t r i b u t e d  t o  t h e  Brewster phenomenon. Though not presented 

g raph ica l ly ,  the  more s e n s i t i v e  apparent conduct iv i ty  r e s u l t s  conta in  not  

only t h e  i r r e g u l a r i t i e s  due to  the 0 .1  m l aye r s  b u t  a l s o  a superimposed 

10 m e f f e c t .  Even i f  w e  assume no e r r o r  i n  measurements of t he  inc iden t  

angle,  less than 1 db r e s o l u t i o n  i n  would be necessary t o  r e so lve  

such $ v a r i a t i o n s .  

p l o t s  a r e  the  r e s u l t  of t h e  d i s c r e t e  

I R I  

We have assumed, above, t h a t  magnetic permeabili ty is t h a t  of f r e e  

space  i n  a l l  l aye r s  although preliminary measurements on Apollo 11 Lunar 

samples y i e l d  va lues  of permeabili ty (Lunar sample  

pre l iminary  examination team, 1969). Furthermore, iaeasuremcnts, performed 

a t  t h e  Massachusetts I n s t i t u t e  of Technology Laboratory f o r  I n s u l a t i o n  

Research, on samples of Hawaiian b a s a l t s  r evea l  a frequency dependence of 

a s  high as 1.5 /A,, 

,U 2nd t h e  ex i s t ence  of a loss o r  imaginary component a t  h igh  f requencies  

(Westphal, personal communication). 

and t a n  &g 0.008 ( t a n  &= 

r e f l e c t i v i t y  of 

For example, a t  300 MHz, r e a l p  =1.174,U0 

I imaginary/u/ rea1, l  ) . The in f luence  on 

p#,Uo i n  a homogeneous ha l f  space i s  t o  decrease 

I R 1  , Ka, and Ca values  a t  normal incidence when p/pd i s  less 

than  &/Lo . For layered  models t h e  e f f e c t  is l e s s  c l e a r  and t o  ex- 

empl i fy  t h i s ,  w e  have chosen r e a l  

permafros t  model a t  136.11 MHz. 

t h e  r e f l e c t i o n  c o e f f i c i e n t s  l R , , \  

t hey  a r e  compared t o  t h e  

- 3  p = 1 . 2 5 ~ ~  and t a n  6,= 10 i n  the  

For a deb r i s  th ickness  hl of 10 m, 

and IRA a r e  p l o t t e d  i n  F igure  18 where 

Note the  r e f l e c t i o n  decrease  due " = p a  case. 
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t o  p#p0 a t  normal incidence.  To eva lua te  t h e  apparent e l e c t r i c a l  

p r o p e r t i e s  w e  assume /u=,Uo i n  (10) and (13) s i n c e  t h i s  would be t h e  c a s e  

i f  w e  had no p r i o r  knowledge of t h e  magnetic p r o p e r t i e s .  The r e s u l t s  f o r  

Ka and K are presented i n  t h e  upper po r t ion  of F igure  18 where t h e  
I I  al 

expected decrease  a t  normal incidence i s  seen. D i e l e c t r i c  cons tan t  va lues  

i n t e r p r e t e d  from a s t a t i c  r e f l e c t i o n  r e s u l t s  can thus  be s i g n i f i c a n t l y  lower 

than a c t u a l  i f  e x i s t i n g  magnetic permeabili ty is not  accounted f o r .  A s i g -  

n i f i c a n t  d i f f e r e n c e  i n  the  apparent Ka va lues  f o r  t he  two p o l a r i z a t i o n s  

due t o  permeabi l i ty  change occurs a t  h igher  angles  of incidence.  Here w e  

and Ka va lues  than when 
I 

s e e  cons iderably  more divergence i n  the  

/A" = P o .  This may uniquely serve to  i d e n t i f y  t h i s  s i t u a t i o n  and sugges ts  

f u r t h e r  i n v e s t i g a t i o n  p e r t i n e n t  t o  lunar and te r res t ia l  electromagnetic 

soundings. 

I n  F igure  19, w e  p re sen t  idea l ized  b i s t a t i c - r a d a r  r e s u l t s  a t  136.11 

MHz from a hypothesized lunar  p r o f i l e .  I n  T y l e r ' s  experiments t he  r ece iv -  

er was e a r t h  based while t he  t r ansmi t t e r  aboard Explorer 35 o r b i t e d  t h e  

moon. A s  a consequence, f o r  lunar  equa to r i a l  o r b i t ,  a p r o f i l e  of one 

n.. YU"L cl Y t a r  L G L  of the  mnon from 0 to 90" longitude p l o t s  as 0 t o  90" angle of 

incidence.  Each degree of incidence ang le  i n  F igure  1 9  may the re fo re  be 

thought of as equa l l ing  30 Km of c i r cumfe ren t i a l  d i s t ance .  For t h i s  

i l l u s t r a t i o n ,  specular  po in t  r e f l e c t i o n  is assumed and d i f f r a c t i o n  e f f e c t s  

a t  ab rup t  v e r t i c a l  boundaries a r e  neglected.  No s u r f a c e  d e b r i s  l a y e r  is 

taken  from 0 t o  10". From 10 t o  30" t h e  d e b r i s  th ickness  i s  increased 

t o  1 m by 2" s t e p s  of 0.1 m each. Other th ickness  changes are apparent 

i n  F igu re  19 .  These v a r i a t i o n s  give r ise  t o  t h e  I R , , (  and IRL( s igna-  

t u r e s  a s  p l o t t e d .  It is apparent from 8 = 10 t o  30" t h a t  very small  

changes i n  th ickness  can produce very l a r g e  changes i n  the r e f l e c t i v i t y  
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values .  This is of course t h e  r e s u l t  of t h e  i n t e r f e r e n c e  between waves 

r e f l e c t e d  from t h e  s u r f a c e  and t h e  debr i s / rock  boundary. The apparent  

d i e l e c t r i c  constant  values  f o r  t h e  two p o l a r i z a t i o n s  fol low e s s e n t i a l l y  

t h e  same curve s i n c e  /M =,U0 . The v a l u e  of t h e  bed rock (K2 = 6) 

is  evident  where i t  is  exposed on the  s u r f a c e  (0 t o  10") and the  o t h e r  

values  vary about t he  d e b r i s  value of 3 .  

I n  t he  previous example, w e  have assumed specular  po in t  r e f l e c t i o n  

al though i n  p r a c t i c e  the  measured r e f l e c t i o n  p r o p e r t i e s  would represent  

a response averaged over a region of approximately Fresnel-zone s i z e  

(Tyler, 1969). For o r b i t a l  electromagnetic soundings w e  expect t h e  re- 

f l e c t i n g  reg ion  t o  b e  as l a r g e  a s  tens  of ki lometers  i n  l a t e r a l  e x t e n t  so  

t h a t  d e b r i s  thickness  v a r i a t i o n s  genera l ly  would be expected w i t h i n  t h e  

a r e a  c o n t r i b u t i n g  t o  t he  r e t u r n ,  A r igorous s o l u t i o n  t o  r e f l e c t i o n  from 

such a s t r a t i f i e d  region cannot be obtained from our formulation. 

However, f o r  a f i r s t  approximation w e  s h a l l  compute t h e  mean response 

from a s t a t i s t i c a l  d i s t r i b u t i o n  of deb r i s  thicknesses .  A s  an  example, 

w e  regard  the  d e b r i s  thickness  a s  equal ly  l i k e l y  t o  be a value between 

0 and 10 m; t h a t  is, t h e  d e b r i s  e x h i b i t s  a uniform d i s t r i b u t i o n  ever 

t h i s  range. The mean r e f l e c t i o n  c o e f f i c i e n t s  obtained,  from sampling 

t h i s  d i s t r i b u t i o n  a t  increments of 1 m a r e  p l o t t e d  i n  Figure 20 as a 

f u n c t i o n  of i nc iden t  angle.  

t h e  v a r i o u s  thicknesses  a s  i l l u s t r a t e d  i n  Figure 15 have been e f f e c t i v e l y  

c a n c e l l e d  by t h e  averaging process.  Although (15) s t r i c t l y  a p p l i e s  

on ly  when r e f l e c t i v i t y  is ze ro  a t  the  Brewster angle, a d i e l e c t r i c  

c o n s t a n t  of 3 is found using eB = 60" and t h i s  i s  t h e  v a l u e  of t h e  

d e b r i s  l a y e r .  Apparent d i e l e c t r i c  constant  values  determined from (13) 

Here we see t h a t  t h e  o s c i l l a t i o n s  due t o  
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are s l i g h t l y  l a r g e r  than  t h e  input  value f o r  t h e  d e b r i s  as Figure 20 

i l l u s t r a t e s .  Some f l u c t u a t i o n s  are observed i n  t h e  Ka va lues  bu t  t h e  

ver t ica l  scale has  been expanded beyond t h a t  of t y p i c a l  equipment 

performance. Most s i g n i f i c a n t ,  however, is t h e  r e s u l t  t h a t  meaningful 

undulat ions i n  t h e  r e f l e c t i v i t y  curves are not  measured even though w e  

have assumed homogeneous l a y e r s  of d i s c r e t e  th icknesses .  This  r e s u l t  is 

of course  obtained from a p a r t i c u l a r  d i s t r i b u t i o n  of d e b r i s  depths but  

it is s u f f i c i e n t  evidence t o  conclude t h a t  r e f l e c t i o n  measurements which 

r e v e a l  no o s c i l l a t i o n s  do not  preclude sharp ly  def ined d e b r i s  l aye r s .  

Another important consequence of i n t e g r a t i n g  t h e  response from 

varying debr i s  th icknesses  i s  t h a t  the  r e f l e c t i v i t y  a t  t he  Brewster 

ang le  is not  i d e n t i c a l l y  

materials a t  t h e  s u r f a c e  

B r e w s t e r  ang le  only when 

equal  t o  zero. Considering low-loss, nonmagnetic 

l eads  t o  r e f l e c t i o n  c o e f f i c i e n t  zeros  a t  t h e  

t h e  su r face  is homogeneous and t h i c k  (h 
1 

equa l s  

With t h e  same electromagnet ic  proper t ies ,  we observe nonzero B r e w s t e r  

phenmaenm e i t h e r  accoqxmied by r e f l e c t i v i t y  oscillatioas (hi 

10 m i n  Figure 15) o r  absence of o s c i l l a t o r y  behavior (hl 

i n  F igure  15 and i n  Figure 20). 

loss, nonmagnetic, specular  r e f l e c t i n g  environment, t h e  observa t ion  of 

a B r e w s t e r  angle  minimum s i g n i f i c a n t l y  d i f f e r e n t  from zero  is cjiagnostic 

of  s u r f a c e  l aye r ing  of t h e  o rde r  of wavelengths i n  thickness ,  even i f  

no o s c i l l a t i o n s  are observed i n  the r e f l e c t i v i t y  measurements. 

100 m i n  Figure 15) o r  when it is g rada t iona l  as i n  Figure 17. 

equals 

equals  1 m 

We the re fo re  conclude t h a t  i n  a low- 

5 .  Discussion and Conclusions 

Ear th  based measurements of  the t o t a l  radar  c ros s  s e c t i o n  of t h e  

moon have been repor ted  (MIT Lincoln Laboratory, 1967) i n  t h e  0.008 m 
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7 
t o  22 m wavelength (approximately 1.4 x 10 Hz t o  3.7 x lo lo  Hz 

frequency range). 

increase  i n  c ros s  s e c t i o n  wi th  increasing wavelength t o  sys temat ic  

e r r o r s  i n  t h e  long wavelength r e s u l t s  (Evans and Hagfors, 1968). 

However, more r ecen t  r e s u l t s  a t  6,7.5, and 1 2  m (Burns, 1969) s t rong ly  

support  t he  previous long wavelength r e s u l t s  (Davis and Rohlfs, 1964) 

and r evea l  a dependence upon t h e  luna r  subradar  poin t .  

wavelength dependence i n  t h e  quasi-specular  r e t u r n  near zero t i m e  delay 

(i.e. corresponding t o  r e t u r n  from the  v i c i n i t y  of the  subradar poin t )  

has  been repor ted  f o r  0.038, 0.23, and 0.68 m wavelengths (Hagfors, 

1967). Ear ly  i n t e r p r e t a t i o n s  of t h e  r ada r  c ros s  s e c t i o n  resul ts  t o  

estimate the  lunar  su r face  d i e l e c t r i c  cons tan t  assumed a homogeneous 

smooth moon although proof of the  con t r a ry  i s  now w e l l  e s t ab l i shed .  

More recent  es t imates  of the  e l e c t r i c a l  p rope r t i e s  of t he  luna r  su r face  

m a t e r i a l s  have attempted t o  account f o r  g e n t l e  su r face  undulat ions 

Beckmann (1968), s c a t t e r i n g  from d i s c r e t e  su r face  and buried sources  

There has  been a tendency t o  a t t r i b u t e  t h e  apparent  

A "strong' '  

khgfors (1967), ilnd Ei f in i t e  t h i C h 2 S S  Of the liir;Sr re&Gl i th  Gr debr is  

l a y e r  (Hagfors, 1967; Tyler ,  1968; and Burns, 1969). 

Our results only relate d i r e c t l y  t o  the  l a t t e r  cons idera t ion  but 

h e r e  seve ra l  po in t s  should be emphasized. 

1. We expect e l e c t r i c a l l y  low-loss materials i n  t h e  lunar  

su r face  so t h a t  r e f l e c t i v i t y  measurements must be analysed 

on t h e  assumption t h a t  very  s i g n i f i c a n t  i n t e r f e rence  

e f f e c t s  may occur even a t  high frequencies .  

2. A glance a t  Figure 8 of our r e s u l t s ,  f o r  example, shows 

t h a t  r e f l e c t i v i t y  o s c i l l a t i o n s  can be expected t o  occur 

a t  f requencies  a s  high as 10 9 H ~ .  
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6 .  

It 

The f a c t  t h a t  very l a r g e  changes i n  r e f l e c t i v i t y  may be 

introduced by very small changes i n  l a y e r  th ickness  must 

be taken i n t o  account. 

I n  p r a c t i c e  w e  sample over a cons iderable  area so  t h a t  

t h e  r e s u l t s  r ep resen t  an in tegra ted  response from regions  

i n  which la te ra l  thickness  v a r i a t i o n s  are a n t i c i p a t e d .  

We have demonstrated t h a t  such condi t ions  may g ive  r ise  

t o  a l a c k  of observed r e f l e c t i o n  o s c i l l a t i o n s  even though 

sha rp ly  def ined homogeneous deb r i s  l a y e r s  are  present .  

When cons ider ing  a deb r i s  t ha t  is l a t e r a l l y  homogeneous 

but  exh ib i t i ng  e l e c t r i c a l  p rope r t i e s  g rada t iona l  wi th  

depth w e  found t h a t  a t  wavelengths somewhat less than 

t h e  th ickness  of t h i s  layer ,  r e f l e c t i o n  c h a r a c t e r i s t i c s  

are  those of the  very  top of t he  zone. 

Measurements a t  i s o l a t e d  frequencies cannot i d e n t i f y  

these  va r ious  e f f e c t s .  

/ 

is tempting t o  exp la in  the reported wavelength dependence i n  

r a d a r  c r o s s  s e c t i o n  measurements and the  r e l a t e d  d i f f e rences  i n  d i e l e c t r i c  

c o n s t a n t s  by one o r  more of t h e  above l aye r ing  cons idera t ions  o r  t o  

magnetic permeabi l i ty .  

t h e s e  parameters on non-specular s c a t t e r i n g  @.E. due t o  su r face  roughness, 

boulders ,  e t c . )  is s t i l l  i n s u f f i c i e n t l y  known t o  draw such conclusions.  

Although w e  have considered only specular  r e f l e c t i o n  from d i s c r e t e  

However, i t  is our opinion t h a t  t h e  dependence of 

homogeneous lunar  models, t he  p o t e n t i a l  m e r i t s  and problems of o r b i t a l  

e lec t romagnet ic  soundings have been demonstrated. Our resLlts have 
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been obtained from the complex reflection coefficients resulting from 

two orthogonal linear incident polarizations. To help eliminate 

ambiguities in interpretation we desire both amplitude and phase 

measurements of these quantities over as large a continuous frequency 

band as possible. 

obtained by the spectral decomposition (Fourier transform) of a series 

of wide band signals, for example, as produced by pulse modulation of 

a range of carrier frequencies. 

Alternatively, continuous frequency data could be 
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Figure  1. 

Figure 2. 

F igure  3. 

Figure 4. 

Figure 5. 

Figure 6. 

F igure  7. 

Figure 8. 

F igure  9. 

F igure  10. 

Figure  11. 

Figure  12.  

F igure  13. 

L i s t  of Figures  

Geometrical r ep resen ta t ion  of right-handed e l l i p t i c a l l y  

polar ized  inc ident  e l e c t r i c  f i e l d  i n  a plane normal t o  

the  inc ident  d i r e c t i o n  which is out  of t he  page. 

Schematic r ep resen ta t ion  of a plane wave obl ique ly  inc iden t  

upon a n-layered s t r u c t u r e  a t  angle  

Conductivity versus  frequency f o r  pos tu l a t ed  lunar  l aye r s .  

D i e l e c t r i c  cons tan t  versus  frequency f o r  pos tu l a t ed  luna r  

l aye r s .  

Loss tangent versus  frequency f o r  pos tu l a t ed  lunar  l aye r s .  

Re f l ec t ion  c o e f f i c i e n t  versus  frequency a t  normal incidence 

f o r  a "dry" layered moon. 

Phase of t he  r e f l e c t i o n  c o e f f i c i e n t  versus  frequency a t  

normal incfdence f o r  a "dry" layered moon. 

Ref l ec t ion  c o e f f i c i e n t  versus  frequency a t  normal incidence 

f o r  t h e  layered lunar  nodel  shown. 

Apparent d i e l e c t r i c  cocs t an t  versus  frequency a t  normal 

incidence f o r  the  layered lunar  model shown. 

Apparent conduct iv i ty  ve r sus  frequency a t  normal incidence 

f o r  t h e  layered lunar  model shown. 

Perpendicular  r e f l e c t i o n  c o e f f i c i e n t  versus  frequency a t  

0 = 60" f o r  t h e  layered lunar  model shown. 

P a r a l l e l  r e f l e c t i o n  c o e f f i c i e n t  versus  frequency a t  0 = 60" 

f o r  t he  layered lunar  model shown. 

Dielectric cons tan t  and conduct iv i ty  versus  depth a t  136.11 MHz 

f o r  grada t iona l  debr i s  layer .  

0 .  
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Figure 14. Re f l ec t ion  c o e f f i c i e n t  versus  frequency a t  normal incidence 

f o r  t h e  layered lunar  model shown. 

P a r a l l e l  r e f l e c t i o n  c o e f f i c i e n t  and apparent  d i e l e c t r i c  

cons tan t  versus  inc ident  angle  a t  136.11 MHz showing t h e  

dependence upon d e b r i s  thickness .  

Figure 15. 

Figure 16. Phase of t h e  p a r a l l e l  r e f l e c t i o n  c o e f f i c i e n t  and apparent 

conduct iv i ty  versus  inc ident  angle  a t  136.11 MHz showing t h e  

dependence upon debr i s  th ickness .  

P a r a l l e l  and perpendicular  r e f l e c t i o n  c o e f f i c i e n t  and apparent  

d i e l e c t r i c  cons tan t  versus  inc iden t  angle  a t  136.11 MHz 

with  a g rada t iona l  deb r i s  l aye r .  

P a r a l l e l  and perpendicular  r e f l e c t i o n  c o e f f i c i e n t  and 

apparent  d i e l e c t r i c  constant  versus  inc ident  angle  a t  136.11 

M H z  showing the  e f f e c t  of change i n  magnetic permeabi l i ty .  

Figure 17. 

Figure 18. 

F igure  19. Idea l i zed  b i s t a t i c - r a d a r  r e f l e c t i v i t y  r e s u l t s  a t  138.11 MHz 

from a hypothesized lunar  p r o f i l e .  

F igure  20. B i s t a t i c - r a d a r  r e f l e c t i v i t y  results at, 138.11 Kiz when 

cons ider ing  t h e  mean r e t u r n  from a uniform d i s t r i b u t i o n  

of d e b r i s  depth over the range 0 t o  10 m. 
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